The comparison of monomeric and dimeric diphtheria toxin (DT) reveals a mode for protein aciation which we call domain swapping. The structure of dimeric DT has been extensively refined against data to 2.0-A resoutin and a three-residue loop has been co d as compared with our published 2.5-A-resolution s re. The monomeric DT structure has also been determined, at 2.3-A resolution. Monomeric DT is a Y-shaped molecule with three domains: catalytic (C), transmembrane (T), and receptor binding (R). Upon fwzing in phosphate buffer, DT forms a long-lived, metstable dimer. The protein chain tracing doses that upon dim tion an unprecedented conformational rerangement occurs: the entire R domain from each molecule of the dimer is excag for the R domain from the other. This involves breaking the noncovalent interactions between the R domain and the C and T domai, rotating the R domain by 180°with atomic movements up to 65 A, and re-forming the same noncovalent interactions between the R domain and the C and T do of the other chain of the dimer. This conformational in exa the long life and metastability of the DT dimer. Several other intrtwined, dimeric protein strucres sadisf our definition of domain swapping and suggest that domain swapping may be the molecular mechanism for evolution of these oligomers and possibly of oligomeric proteins in general.
Diphtheria toxin (DT) is a 535-residue protein that causes diphtheria. Its pathogenesis involves three functions: receptor binding, membrane translocation, and catalysis, each of which is associated with one ofthree folding domains (1) . After binding to a receptor on eukaryotic cells (2) , DT is endocytosed and triggered by low pH to insert into the membrane and translocate its toxic C domain into the cytosol, where it inactivates a factor essential to protein synthesis (3) (4) (5) .
We previously reported the multiple isomorphous replacement (MIR) structure of dimeric DT at 2.5-A resolution (1). Now we have extended the x-ray data of this crystal form to 2.0-A resolution (Table 1) , which allowed us to interpret a previously obscure segment of the electron density. § We have also crystallized monomeric DT in another space group and determined its structure at 2.3-A resolution by molecular replacement.
MATERIALS AND METHODS
The dimerization of purified monomeric DT bound to the inhibitor adenylyl(3'-5')uridine 3'-monophosphate (ApUp) was carried out (6) by freezing in 25 mM mixed phosphate buffer with 150 mM NaCl for 24 hr. Dimer and monomer portions were purified by size-exclusion HPLC. Dimeric form IV crystals in the space group C2 were grown by the method ofFujii et al. (7) .
Dimer crystals were prepared for low-temperature (-1500C) data collection by soaking in artificial mother liquor plus 20% is the mean intensity of the hki reflection.
(vol/vol) glycerol for 24 hr and were mounted directly from this solution by the modified method ofTeng (8) . Due to soaking, the unit cell parameters changed to those of crystal form III (also C2) (7), and upon freezing, the unit cell dimensions decreased, so the frozen crystal form is denoted form V, with unit cell parameters a = 105.6 A, b = 91.6 A, c = 65.6 A, and p = 94.60. Monomer crystals in the space group P21212 were grown by seeding in conditions similar to those previously described (10) . They were prepared for low-temperature data collection by soaking in artificial mother liquor plus 10%o glycerol for 4 hr and mounted as described above. Molecular replacement using the 2.0-A refined dimer model and refinement were performed with programs in XPLOR (9) . The refined monomer model has a crystallographic R factor of 20.8% for 42,855 reflections > la-(89%o complete between 10 and 2.3 A).
Details will be published elsewhere.
RESULTS
Monomeric DT has essentially the structure we reported earlier (1) for the monomer within dimeric DT. However, the refined dimer structure has a small but significant difference.
During refinement of the dimer model against the 2.0-A data, it became evident that a three-residue loop (residues 391-393) had to be changed (highlighted in red in Fig. la One monomer within the dimeric DT crystal structure can be described as an "open" monomer ( (12) . Because freezing causes dimerization only in the presence of mixed phosphate buffer and other buffers which similarly decrease in pH upon freezing, Carroll et al. (6) proposed that the decrease in pH causes dimerization. Based on the comparison of the monomeric and dimeric DT crystal structures we propose that the decrease in pH converts monomeric DT to an open form which then dimerizes by domain swapping at the high concentrations ofthe eutectic mixture as the pH returns to neutral during thawing (Fig. 4) .
The monomeric DT structure suggests how low pH triggers open-monomer formation. The interdomain interface between the R and C domains is unusually charged and polarized. There are nine basic and only three acidic residues on the R-domain interface surface and seven acidic residues on the C-domain kcal/mol of monomer. The free-energy barrier between monomer and dimer can be estimated from experimental rates of dimer dissociation. The monomer converts to dimer only in the conditions of very high concentration and low pH generated by freezing in phosphate buffer. At neutral pH, monomer does not convert to dimers and dimers dissociate only slowly, indicating that the activation barrier is large. We estimate a value for AGt, the activation energy of converting dimer to open monomer, of 27 ± 1 kcal/mol of dimer from the measured rate ofdimer dissociation to monomers (13) and the Eyring rate equation, assuming first-order kinetics and that the transmission coefficient is unity. Although the DT dimer is thermodynamically unstable, the large activation barrier endows it with a long lifetime. The dotted-line right-hand well, with a negative AG'dimerjzaiion, represents the case of stable domain-swapped dimers, such as interferon y (IFN-y) (16) and interleukin 5 (IL-5) (17). interface surface. Three salt bridges stabilize the interface at neutral pH. At low pH, these salt bridges will be disrupted due to protonation of the acidic residues and there will be further destabilization due to isolated, buried positive charges in the interface, favoring the formation of an open monomer structure.
During dimerization of DT, we also observe higher oligomers by size-exclusion HPLC. These higher oligomers include not only tetramers but also trimers and pentamers, which could not be formed simply by dimers associating. It is conceivable that these higher oligomers are formed by domain swapping, making linear or cyclized aggregates in which each molecule interacts with two neighboring molecules by providing an R domain to one and accepting an R domain from the other. The aggregates of other proteins caused by mildly denaturing conditions could conceivably form by domain swapping. Domain Swapping. In discussing domain swapping, it is convenient to define two types of protein interfaces: primary and secondary interdomain interfaces. We define the primary interdomain interface to be the contacts between domains in the monomeric form of the protein (Fig. 5, I ). We consider an oligomer to be domain-swapped when an interface identical to a primary interdomain interface is formed by different polypep- (Fig. 5, II) . There is also the possibility offorming an additional interdomain interface in the domain-swapped dimer, which we define as the secondary interdomain interface, which is not present in the monomer (Fig. 5, III (19) . The attractive forces between the N-terminal segment and the subunit bodies are conserved in all three forms. In a study of the dimerization of BS RNase, the authors stated that, "the main events ofthe transformation appear to be (i) the destruction of those bonds and forces, (ii) the displacement of the freed segment, hinging on the connecting loop, and (iii) the integral reconstruction of the same bonds and forces, only on a different subunit body" (22) . Thus, although the swapped domain is only 15 residues, the BS RNase dimer fits our definition of domain swapping. All three forms of BS RNase are active, but only the domain-swapped dimer exhibits allosteric properties (22) .
Similarly, 30 years ago, Crestfield et aL (18) found that RNase A forms a dimer under certain conditions by exchanging its N-terminal segment in a manner that satisfies the definition of domain swapping. The conditions for forming domain-swapped RNase A dimers are reminiscent of the conditions for dimerizing DT: as with DT, RNase A is believed to form an open monomer in low pH. Specifically, the dissociation of the N-terminal segment of RNase A occurs by treatment with 50%o acetic acid; low pH is known to induce the separation of the S peptide from the S protein of RNase S. Then, according to A] solution to -80°and lyophilization, some ofthe dissociated ends are assumed to become bound so stably that disaggregation does not readily occur at room temperature" (18) . Because the active site is formed by residues ofthe N-terminal segment and the body of the RNase A protein, biochemical experiments established that the "NH2 terminal peptide sections mutually displace one another in their binding to the rest of the protein" (29 (22) . If so, random mutations which enhance the interaction at a secondary interdomain interface will be favored by natural selection, which in time will create a more stable dimer (see Fig. 5 , III, and dashed right-hand minimum in Fig. 4) . Thus, the pathway (Fig. 5, I /BB2-crystallin (20) X-ray 80 yB-crystallin (23) X-ray IFN-y (16) X-ray 50 IFN-p (24) X-ray IL-5 (17) X-ray 30 GM-CSF (25) X-ray BS, bovine seminal; IFN, interferon; IL, interleukin; GM-CSF, granulocytemacrophage-colonystimulating factor. *Other intertwined dimer structures without known monomeric forms or monomeric homologs, but which could conceivably have formed by domain swapping, include: trp repressor (26) , uteroglobulin (27) , and bacteriophage MS2 coat protein (28) . tA monomeric homolog is a different protein which has a protein fold highly similar to that of one half of the dimer.
Proc. Natl. Acad. Sci. USA 91 (1994) Proc. Natl. Acad. Sci. USA 91 (1994) 3131 crystallin (20) ( Table 2 ). Each of these dimers has an interdomain interface similar to the primary interdomain interface found in a related, but not identical, monomeric protein. For example, dimeric IL-5 has an interface similar to a primary interdomain interface of the monomeric protein GM-CSF, which has a four-helix cytokine fold (25) . IL-5 differs from GM-CSF in having a short loop between helices C and D, which seemingly makes it impossible for IL-5 to form a closed monomer with the structure ofGM-CSF. This shortened loop may have been the genetic change that created domainswapped dimers of IL-5 from a monomeric protein resembling GM-CSF. IFN-y and (B2-crystallin could also have evolved from monomeric to dimeric form by domain swapping. In other words, the original monomeric structures of these proteins, which may have resembled IFN-f3 (24) and yB-crystallin (23) , respectively, are no longer seen.
In addition to these highly intertwined dimers, other present-day oligomers could have evolved from monomeric proteins by passing through a domain-swapped stage (as in Fig. 5,  II) on the way to a stable oligomer (Fig. 5, III) . These presentday oligomers would not disclose their prior histories ofdomain swapping, because in evolving from the stage represented in Fig. 5 (22) . Other intertwined protein oligomers, such as IL-5, could have evolved by domain swapping. We propose in our domainswapping hypothesis the general features of a pathway for evolution of present-day oligomers by domain swapping. The essential feature of the hypothesis is that at every step of the evolution of the oligomer from the monomer, there is an extensive, tightly binding interface between the monomers of the oligomer. Other models for evolution of oligomers from monomers must postulate a gradual accumulation of comple- 
